For more information on the USGS-the Federal source for science about the Earth, its natural and living resources, natural hazards, and the environment-visit http://www.usgs.gov or call 1-888-ASK-USGS
iv

Conversion Factors
Inch/Pound to SI The E is defined as exponent and signifies 10 raised to the following power.
Multiply
Units of Measurement Defined
Gravitational 
Introduction
This report describes the testing of a Micro-Electro-Mechanical Systems (MEMS) seismic accelerometer, developed by Hewlett-Packard Company (HP), at the U.S. Geological Survey's Albuquerque Seismological Laboratory. The testing was conducted the week of October 18, 2010. The primary goal of the testing was to measure the self-noise of the MEMS seismic accelerometer. The self-noise of a seismic sensor is the electronic and mechanical noise at the output of a seismometer or accelerometer in the presence of zero input ground motion (Hutt and others, 2010, p. 7). Alternatively, it can be the portion of a seismometer output signal not related to ground or case motion.
MEMS Accelerometer
The HP MEMS accelerometer is being developed for seismic imaging applications. It is a capacitive sensor using HP's surface electrode technology (Walmsley, and others, 2009 ), shown in figure 1. The MEMS accelerometer is fabricated from three separate, single crystal silicon wafers (the cap, rotor, and stator wafers) bonded together and singulated to produce a sensing mass that is packaged in vacuum at the wafer level, as shown in figure 2 (Homeijer, and others, 2011) . The sensor is a single-axis accelerometer that can achieve full dynamic range regardless of the orientation of the sensitive axis (the axis along which acceleration is sensed) by using three-phase capacitive sensing (Walmsley, and others, 2010) . The electronic functions needed to drive the accelerometer and detect the low noise signal are performed by custom, discreet electronics boards. In the future, these functions will be performed by a custom, low-power, analog, mixed-signal application-specific integrated circuit (ASIC), which is currently under development. For the current testing, the accelerometer and electronics are contained in an aluminum enclosure (11 × 7 × 9 cm). 
Tests Performed
The following tests were performed: 3.1) Accelerometer calibration 3.2) Data logger (digitizer) calibration 3.3) Self-noise level test in underground tunnel. 3.4) Comparison to reference sensors of short-period (high frequency) signals.
3.5)
Comparison to reference sensors of long-period signals from earthquake.
Accelerometer Calibration
The scale factor of the accelerometer was determined using an automated procedure to record the voltage output of the accelerometer for a range of accelerations applied by gravity at varying angles. These angles were applied using a stepper motor with a 50:1 reduction gear head. There are 409,600 encoder positions per revolution. The motorized rotation stage with the HP accelerometer is shown in figure 3 . The procedure for calibration starts by nulling the accelerometer output at a zero-g orientation. The accelerometer was rotated in specified increments to a maximum acceleration in the negative direction. Each position was approached counterclockwise to prevent backlash in the reduction gears. After each rotation, a delay of 5 s was allowed for the vibrations to settle and the output was averaged for 5 s. The accelerometer was then rotated in increments to a maximum acceleration in the positive direction. Finally, the accelerometer was rotated in increments back to zero. The acceleration sequence is shown in figure 4 . With this method, two accelerometer outputs were measured for each acceleration-one during a decreasing acceleration sweep and the other for an increasing acceleration sweep. ADC, analog-to-digital converter.
The accelerometer output voltage versus acceleration is plotted in figure 5 . The calibration determined for the device for the current setup has a scale factor of 9.37 V/m/s 2 . A linear regression was calculated on the output of the accelerometer, resulting in determining a coefficient (R 2 ) of 0.9937. No hysteresis was observed. 
Data Logger Calibration
All data were recorded using a Kinemetrics Quanterra Q330HR data logger (also known as digitizer or analog-to-digital converter or ADC) with preamplifier gains set to 20. The accuracy of the readings was verified by calibrating the channels used to connect to the HP MEMS sensor and the Geotech Model GS-13 reference seismometer. A Calibrators Inc. Model DVC-350A precision reference was connected to the inputs of the digitizer. Input voltages of 0 V, +0.5000 V, and -0.5000 V were applied to the respective channels. Figure 6 shows the results from the test and table 1 shows the corresponding counts per channel. The resulting sensitivities are 8.4165E+6 counts/V and 3.3616E+7 counts/V for the GS-13 and HP MEMS, respectively (E is defined as the exponent and signifies 10 raised to the following power). The inputs to the digitizer were then shorted to give a minimum detectable acceleration for each sensor (accelerometer or seismometer) channel. The respective outputs are adjusted for the response of each sensor and shown in figure 7 . 
Noise Level Test
To determine the self-noise of the HP MEMS accelerometer, the accelerometer along with the GS-13 seismometer were placed in close proximity to each other on a block of granite. The granite slab and both sensors were supported by three stainless steel feet (three-point support) to avoid any rocking noise. The experimental setup can be seen in figure 8 . The underground seismic vault (where the tests were conducted) was vacated and the devices were allowed to run for an extended period of time, waiting for a low noise period. Once the background noise, measured by the GS-13, was confirmed to be below the estimated self-noise of the HP MEMS accelerometer, data were collected for analysis. A low-noise segment of 4000 s was selected, and the time series data for this analysis are plotted in figure 9 . The power spectral density (PSD) and coherence are plotted in figure 10 and figure 11, respectively. The data show that the HP MEMS accelerometer has a self-noise level just below 1E-7 meter per second squared per square-root hertz (m/s 2 /√Hz; -140 decibel [dB] on the PSD plot, equal to 10 nano-g per square-root hertz (ng/√Hz)) at periods less than 0.125 s (frequencies greater than 8 Hz). The noise floor is constant (flat) from about 62 Hz to 8 Hz (periods from 0.016 s to 0.125 s) and reaches 1.57E-7 m/s 2 /√Hz (16 ng/√Hz) at 1 Hz (1 s period). The noise level continues to rise at lower frequencies (longer periods) and crosses 1E-5 m/s 2 /√Hz (1 µg/√Hz) at 200 s period (0.005 Hz). The HP MEMS accelerometer was also able to resolve (at a signal-to-noise ratio of approximately one) the micro-seismic peak (at approximately 7 s period) caused by ocean waves. This was confirmed by observing a maximum in the coherence around a period of 7 s. Figure 10. Power spectral densities (PSDs) of Hewlett-Packard MEMS seismic accelerometer and GS-13 reference seismometer during low noise testing. Note that the micro-seismic peak at around 7 s period seen by the GS-13 PSD is also visible in the HP MEMS PSD. The spike at 0.0167 s period in the GS-13 PSD is caused by 60 Hz pickup in the seismometer coil. Also plotted are the USGS high and low noise models of the Earth (Peterson, 1993) . Figure 11 . Coherence between the accelerometer and seismometer during low-noise testing. The coherence peak at 7 s period is evidence that the Hewlett-Packard MEMS seismic accelerometer is observing the micro-seismic peak from ocean waves.
Comparison of Higher Level Short-Period Signals
A comparison of the HP MEMS seismic accelerometer with the GS-13 seismometer was made for higher amplitudes of short-period noise. For this test, the GS-13 seismometer and the HP MEMS accelerometer were placed in the same configuration as the low-noise test. Data were logged from both sensors while a car was leaving the underground test vault area on a gravel road. The data recorded for this analysis are shown in figure 12 . The PSD during the test is shown in figure 13 . The two sensors (accelerometer and seismometer) show excellent agreement from 0.01 s period to 0.1 s period (10 Hz to 100 Hz). At longer periods, the seismic background energy level drops below the noise level of the HP accelerometer. This is confirmed with a drop in coherence as seen in figure 14. seismometer during short-period high-noise testing. The spike in the GS-13 PSD at 0.0167 s period is caused by 60 Hz pickup in the seismometer coil. Also plotted are the USGS high-and low-noise models (Peterson, 1993) .
Figure 14.
Coherence between the accelerometer and seismometer during short-period high-noise testing.
Comparison of Earthquake Signal
Data from the GS-13 seismometer and the HP MEMS accelerometer were also recorded during an earthquake in the Gulf of California. The earthquake parameters are summarized in table 2. Figure 15 shows the time series of the vertical waveforms from the two sensors (seismometer and accelerometer) during the earthquake. Figure 16 shows the PSDs of the two sensors (seismometer and accelerometer). These waveforms show excellent agreement between 0.5 s and 40 s periods (0.025 Hz to 2 Hz), indicating that this earthquake signal is well above the self-noise levels of both the GS-13 seismometer and the HP MEMS accelerometer in this frequency band and that the transfer function used for the HP MEMS accelerometer (flat response to acceleration) is correct. In addition, there is excellent coherence above one second period, shown in figure 17. 
Summary
Testing was performed on the Hewlett-Packard Micro-Electro-Mechanical Systems (MEMS) seismic accelerometer at the U.S. Geological Survey's Albuquerque Seismological Laboratory. The sensor was calibrated and the scale factor determined using a linear fit of the response to acceleration on a tilt table. The self-noise level was measured and found to be 9.8 ng/√Hz at periods below 0.2 s (frequencies above 5 Hz). The seven-second microseism noise was also discernible. The HP MEMS accelerometer was compared to a Geotech Model GS-13 reference seismometer under high background noise conditions at high frequencies and their respective power spectral densities (PSDs) are nearly identical down to the shortest periods. Data were also collected during a magnitude 6.7 earthquake in the Gulf of California. Power spectral densities (PSDs) from data collected by the HP MEMS accelerometer and the GS-13 seismometer during the earthquake are nearly identical at periods up to 80 s, indicating a flat response to acceleration at low frequencies and a good signal-to-noise ratio for the earthquake signal.
